Various reports have indicated that plant mitochondria are the sites of ion accumulation.1' 2 The ability of isolated plant mitochondria to accumulate ions against a concentration gradient has been demonstrated.2 However, recent reports have shown that divalent metal ions can be accumulated by a respirationdependent process in mitochondria isolated from both animal3-6 and plant tissues.7 This accumulation of divalent metal ions is accompanied by phosphate uptake. This paper has two objects: (a) to present evidence for the accumulation of ions, particularly Mg++ and Pi, by mitochondria isolated from red beet (Beta vulgaris L.), and (b) to discuss hypotheses of the mechanism of ion accumulation in mitochondria.
1.6; the respiratory control ratios were 1.7 and 2.0. Figure 2 shows that the accumulation of Pi was completely dependent on substrate (succinate). Table 1 shows that the uncouplers 2,4-dinitrophenol (DNP) and carbonyl cyanide m-chlorophenyl hydrazone (CCP), as well as the inhibitors of electron transport, antimycin A, 2-heptyl4-hydroxyquinoline N-oxide (HOQNO), inhibited the accumulation of both Pi and Mg++. Cyanide (10-4 M) has also been shown to inhibit ion uptake. The percentage inhibition of Mg++ uptake was not as great as for Pi uptake. It should be noticed that (a) there was a substantial uptake of Mg++ in the absence of substrate, and that (b) the inhibitors and uncouplers were more effective in preventing Mg++ uptake than was the lack of oxidizable substrate. It can be concluded that uptake of these ions was dependent upon the oxidation and coupled phosphorylations of the electron transport chain. The respirationindependent uptake can be considered as a diffusion equilibrium, and thus in all of our studies a correction for the uptake in the absence of substrate has been applied.
Oligomycin, a potent inhibitor of oxidative phosphorylation,'0 stimulated the accumulation of both Pi and Mg++ (Table 2) . Independent observations in this laboratory have shown that oligomycin will inhibit the state 3 oxidation' of isolated beet mitochondria and that the inhibited oxidation can be recovered by uncoupling agents. Since oligomycin prevents ATP formation, it appears that ATP is not directly involved in the uptake of these ions. Under conditions which allowed the continuous formation of ATP (glucose, hexokinase, and ADP present), the accumulation of Pi was completely suppressed (Fig. 3) . Similar results have been obtained for the uptake of Mg++. These results are in agreement with the suggestion3 that Pi and Mg++ accumulation compete with ATP formation for the energy-rich intermediates of oxidative phosphorylation. The competition favors ATP formation.
The presence of glucose and hexokinase did not interfere with the accumulation of Pi (Fig. 4) . However, when ADP was added to this reaction mixture, P1 accumulation ceased, and the Pi content of the mitochondria began to decrease. A decrease of Pi content has also been observed on applying anaerobic conditions. This loss of Pi differs from the result of Brierley,12 and suggests that the accumulated Pi can be mobilized. However, the result observed in such an experiment is probably strongly dependent on the morphological intactness of the mitochondria. Figure 4 also shows that, when the formation of ATP prevented Pi accumulation, the addition of oligomycin permitted Pi uptake to proceed. The competition between ion uptake and oxidative phosphorylation suggests that common intermediates are involved, but not necessarily the phosphorylated Table 2 .
These ratios, although lower than the ADP/O ratios obtained in the same experiment, are suggestive of an equality between the two processes, i.e., ion accumulation and oxidative phosphorylation. As will be discussed later (Fig. 6 ), these ratios were not obtained under optimal conditions. Optimal conditions would tend to make the ratios approximate to that reported by Chappell et al.,6 although no respiratory stimulation of the type reported by Chappell et al. has been observed.
Thus it would appear the ion/O ratios are greater than the expected P/O ratios. Figure 5 . In this experiment the concentration of Pi was 3.2 mM, and Tris-succinate was used as substrate. The optimum Mg++ concentration for ion uptake was 15 mM but Pi uptake appeared to suffer more from a higher Mg++ concentration than did Mg++ uptake. The effect of other salts in the medium was also investigated. Discussion.-It has been established that isolated plant mitochondria can accu-mulate Mg++ and Pi ions by a respiration-dependent process. It should be reemphasized6 that current evidence provides no proof of active uptake, but only of respiration-dependent uptake. Nevertheless, the mechanism of this uptake may prove to be of fundamental physiological importance.
The results presented here and elsewhere3-6 12 show that Pi and Mg++ (or some other divalent metal cation) can be accumulated by isolated mitochondria, in a manner dependent on oxidizable substrate and sensitive to respiratory-chain inhibitors or uncouplers of oxidative phosphorylation. Furthermore, ion uptake, which is insensitive to oligomycin, competes unsuccessfully with ATP formation. Thus an intermediate of oxidative phosphorylation is essential in ion uptake, either directly for Pi uptake' or indirectly for energy.
Brierley et al.3 have suggested that Mg3(P04)2 precipitates within the mitochondria. The evidence is: (a) the Mg++:Pi ratio found within the mitochondria approximates 1.5; (b) alkalinity which would precipitate magnesium phosphate increases within the mitochondria; and (c) electron micrographs'5 show deposits of what are presumably metal phosphates.
The ratios of accumulated Mg++:accumulated Pi observed in this work approximated to 1.5 and are in accord with the ideas of Mga(PO4)2 precipitation within the mitochondria. However, the precipitation allows the detection of the accumulated ions, and the ratio of 1.5 reflects only the composition of the precipitated compound and in no way reflects the rate of uptake of each ion species. Thus, an ion which is being transported into the mitochondrion but not precipitated may have a rate of efflux such that a build-up of concentration would not be detected.
Unless there is a specific divalent-metal-ion and Pi mechanism, the other ions present must be considered, and thus the results of Figure 6 might be understood. The presence of Tris-succinate instead of sodium succinate might stimulate the uptake of Mg++ by markedly reducing the Na+ concentration which thus offers less competition to the Mg++; this in turn is reflected in Pi uptake. Similarly increasing the Pi concentration from 3.2 mM to 10 mM, which increases the K+ concentration, might reduce Mg++ uptake by competition. Thus, the optimal Mg++ concentration would be that which overcame the effects of other cations without having too deleterious an effect on oxidative phosphorylation and the integrity of the mitochondria.16 Similar deductions cannot be made about H+, as it appears4' 6 that there is an exclusion of H + from the mitochondria.
The mechanism of ion uptake: In an active transport process it is sufficient to transfer only one of an ion pair."3 14 If the cation is transferred by a coupledrespiration process the anion will follow passively. Any anions could participate in this passive movement, but if precipitation of one occurs (as with Pi inside the mitochondria), a concentration gradient favoring that anion would be established. The precipitation of the cation (whose movement is not passive) would not favor its accumulation as the competition with other cations is on the outside.
It is therefore necessary to consider the ion movements due to (1) the respirationdependent transport, and (2) the effects of precipitation.
Chappell et al.6 have shown that Mn++ can be accumulated by rat liver mitochondria in the absence of Pi. This result alone suggests that cation uptake precedes the Pi uptake in the respiration-dependent process, but, further, Chappell et al.6 claim that respiration-independent Pi uptake can be induced after a'in++ uptake. Pi uptake is therefore secondary to cation uptake and may be of limited value in determining the primary mechanism of respiration-dependent transport.
Other evidence supporting cation uptake as the primary act of mitochondrial ion transport is (1) the marked competitive effect oi other cations on Mg++ uptake as reported here (Fig. 6) and elsewhere,4 and (2) the secretion of H+ ions.
Chappell et al. 8 and Brierley et al.3 explained the H+ release in terms of Pi precipitation but did not consider the H+ release.in the absence of pi.6 Pressman'7 has shown that the addition of valinomycin to mitochondria (in the absence of Pi) initiated a rapid hydrogen ion release which was substrate-dependent and sensitize to inhibitors and uncouplers. More recently, Moore and Pressman'8 have shown that H+ release is equivalent to K+ uptake (when K+ is the predominant cation in the medium), and under conditions (absence of Pi) where there is no increment of oxygen uptake. They have also shown that addition of Pi is necessary to increase the rate of oxygen uptake. A similar effect was observed by Chance"9 who showed a stimulation of oxygen uptake by Ca++ only in the presence of Pi.
The uptake of cations in the absence of phosphate is therefore by exchange for the H + released. The necessity of substrate for H + release, and the necessity of Pi for 02 uptake raises the possibility that the substrate is the source of H+. The release of H+ could then be the consequence of charge separation in the electron transport system, the H+ moving out of the mitochondrion leaving a corresponding negative center available to balance the entering cation. Such charge separation would be expected to reach an upper limit which might be the explanation of the transience of the effect observed by Moore and Pressman. '8 Ion uptake in the absence of phosphate would be a consequence of this charge separation. However, since the electron transport system of mitochondria seems to operate as a one-electron transfer system, the movement of a divalent cation would be accompanied by the movement of a monovalent anion, e.g., Cl-. The H+ released would accumulate outside the mitochondria resulting in a decrease of pH. The ratio H+/cation would be unity for both mono-and divalent cations. However, the nmitochondrial resistance to separated charges would not be infinite so that some negative charges would be released. Under these conditions oxygen would be reduced to H20 and some H + ions would no longer contribute to the decrease in pH. Also, the pools of separated charges would be maintained by a steadystate flow of "reducing power" and would not be an equilibrium condition, so that some oxygen uptake would occur, making the system sensitive to inhibitors and uncouplers but not to oligomycin.
Ion uptake by mitochondria, in the presence of phosphate, would occur by the Table 3 , but the secreted 12 H+ will p: Nq Ni X0 = 21< blip . be balanced by the 12 Cl-left by the 12 K+.
.°The uptake of divalent cations in the absence of phosphate is shown in system B of Table 3 . Here an anion must enter with
Mg++ to maintain electrostatic neutrality on exchange for an H+. The discussion for system A applies to system B. The initial phases of uptake of divalent cations in the presence of phosphate are shown in system C ( Table 3 ). The existence of two species of phosphate ion complicates the exchange ratios. The further phases of uptake under these conditions are shown in Table 4 . In Table 4 the sequential steps are shown as 1-5, and the reactions of each step as occurring in the mitochondria are shown as from left to right. It should be realized that all the reactions shown occur simultaneously and not separately as suggested by Table 4 . The precipitation of Mg3(PO4)2 yields H+ which can continue to exchange and so increase the internal Mg++ content. This process can be repeated a limited number of times.
This hypothesis explains most results reported to date.
(1) The H+/ion ratio in the absence of phosphate will be unity irrespective of the cation. (2) Little oxygen uptake occurs in the absence of phosphate. (3) Little cation uptake'. 18 occurs in the absence of phosphate because the system is creating a "battery." (4) In the presence of phosphate, oxygen uptake can occur1s 19 An important feature of this hypothesis is that it establishes the charge separation, with loss of H+ to the medium, as the essential act in the ion transport system. The reducing energy of the system is sufficient to expel H+ ions so that the pH of the external medium decreases,4 6, 18 while the pH of the mitochondria increases.4 However, the electrons of the electron-transport chain cannot reduce oxygen unless phosphate is present; in the presence of phosphate (ADP absent or ADP and oligomycin present), the H + and the electrons are combined to form water, and the phosphate is simultaneously transported into the mitochondrion. If ADP is present, ATP is formed and the phosphate is not transported. The initial separation of H+ and e-thus becomes the basis, as suggested earlier by Mitchell14 and by Robertson, 13 of both phosphorylation and active transport; an active transport act is an alternative to an oxidative phosphorylation. It is possible that the active transport of all ions depends initially on (1) the H+/cation exchange and (2) the phosphate transport. Once a small quantity of a soluble phosphate has been accumulated by this process, exchange of phosphate ions for other anions could occur. 8 Brierley, G. P., E. Bachmann, and D. E. Green, these PROCEEDINGS, 48, 1928 (1962) . ' Brierley, G., E. Murer, E. Bachmann, and D. E. Green, J. Biol. Chem., 238, 3482 (1963) .
